case: sampling rates are now routinely smaller than the interferometer delay, and diagnostic bandwidths are substantially higher than when VISAR was created. These improved capabilities do not circumvent information loss in the VISAR itself-even a perfect recording system has problems at times scales comparable to and smaller than the interferometer delay.
Theory
The exact relationship between reflector position x(t) and fringe shift g(t) in a VISAR measurement: [4] depends on the optical wavelength , the interferometer delay , and the interferometer dispersion . Taking the time derivative and Fourier transform of both sides yields:
Introduction
Velocity Interferometer System for Any Reflector (VISAR) is a primary velocity diagnostic for dynamic compression experiments [1] . By mixing Doppler-shifted light with a delayed version of itself, VISAR measurements can detect arbitrarily large velocities with limited bandwidth. Although interferometer configurations have evolved [2, 3] , the basic operation of the VISAR has changed very little. Time resolution in a VISAR measurement was initially limited by the recording system, which was much slower than the interferometer delay. This is often no longer the where V(f) is reflector velocity and G(f) is the fringe shift in the frequency domain.
In the limit f ≪ 1, Eq. 2 reduces to the standard VISAR approximation.
The fringe constant K quantifies interferometer sensitivity: a long-delay interferometer has a small fringe constant that yields more fringe shift than a short-delay interferometer. VISAR typically operates at 532 nm, so a characteristic delay of 1 ns has a sensitivity of 266 m/s per fringe.
Diagnostic limitations traditionally omit high-frequency information from being recorded in VISAR measurements. When recording system cannot preserve frequencies f ≳ 0.1, neglecting high-frequency transfer between velocity and fringe shift in the analysis introduces no new harm. The VISAR approximation is therefore appropriate when the diagnostic response time is much larger than the interferometer delay-the results are not perfect, but it is not possible to do any better. However, modern electronic systems and optical streak cameras [6] are quite capable of recording high-frequency information, making the validity of the VISAR approximation questionable.
Consider the ratio of approximate velocity to exact velocity in the frequency domain. These defects exist even for a perfect recording system, i.e. infinite bandwidth and zero noise.
Recovering true velocity from the VISAR approximation involves division by Eq. 4. The process involves very large, and sometimes infinite, corrections [5] . Noise amplification is a known problem in exact time-domain analysis [4] , but the problem is more significant than simply numerical differentiation. A dispersion-free VISAR is blind to periodic motion at frequencies of 1∕ , 2∕ , and so forth, and that information cannot be recovered. Frequency domain analysis provides a clear picture of these problems.
Dispersion
The role of etalon dispersion was discovered shortly after VISAR's inception [8] . Wavelength variations of the interferometer delay leg are characterized in a dimensionless quantity:
where n is the refractive index at the operating wavelength . Table 1 shows dispersion values for three glasses at two laser wavelengths; fused silica and SF6 at 532 nm are the most common.
The low-frequency effect of etalon dispersion is systematic velocity scaling by 1 + , and usually this impact is small. At high frequencies, however, dispersion plays a much larger role. Figure 1 shows how dispersion acts as minimum value at all frequencies, keeping the velocity transfer ratio from reaching zero. This nullifies the loss of specific frequencies (integer f ) and the overall 1∕f transfer reduction.
Dividing the VISAR approximation by Eq. 4 plausibly corrects measurements for ≳ 0.1. Local corrections are rather large for smaller dispersions and increase with frequency, amplifying noise as well as velocity information. Very large dispersions pass all frequencies quite well, requiring even less correction and thus lower noise amplification. There is a practical limit, however, as high dispersion requires the etalon to absorb light. dispersion greater than 0.6 near 532 nm, but a 1 mm thick etalon of this liquid would be essentially opaque [9] .
Based on Table 1 and Fig. 1, SF6 etalons preserve more information than fused silica etalons or free-space interferometers. SF66 etalons, which have limited commercial availability, would retain even more high-frequency information than SF6. High dispersion can also be achieved using carbon disulfide, with appropriate liquid containment, if the appropriate glass is not available. Operating at a shorter wavelength also increases dispersion, though such a change may not be compatible with fiber optical relays.
Combined Measurements
Combining VISAR measurements is another route for recovering information [5] . Starting from Eq. 2, a convenient summation of two measurements is:
where the quantities with the subscript n refer to the n-th measurement; some of these quantities, such as wavelength, are usually common between measurements. The mapping from velocity to combined measurement is: Fig. 2 shows the magnitude of this mapping for 2 = 1.37 1 and common dispersion values. This configuration avoids
information loss through f ≈ 3 at all dispersions. Attenuation near f = 1 is also notably reduced, so dispersive measurements can benefit from combination.
Recovering High-Frequency Information
Recovering high-frequency information from a VISAR measurement is a two-step process. First, an approximate velocity is calculated from the measured fringe shift; single measurements using the standard approximation (Eq. 3) and combined measurements use the summed approximation (Eq. 6). In principle, dividing these approximations (in the frequency domain) by Eqs. 4 or 7 restores the attenuated content, assuming that the information was not lost entirely. The cost for this correction is noise amplification. Figure 3 shows simulated responses of a single and a combined VISAR measurement viewing an instantaneous velocity step at time t = 0. For this discussion, time is normalized by the interferometer delay and velocity is normalized by the velocity change, assumed here to be one fringe. The single VISAR measurement is based on dispersion of 0.09, while the combined measurements uses dispersions of 0.03 and a delay ratio of 2 = 1.37 1 . The fringe shift has a random uncertainty of 2% (somewhat higher than the limits suggested by Barker [10] ) at infinite bandwidth. Black lines indicate approximate results, 1 and red lines show corrected results using a lowpass Gaussian filter (∼ e −|f | 2 ∕2 2 ) to dampen noise amplification ( = 1 or 5).
The simulations confirm that the VISAR approximation distributes the fringe shift from a velocity jump across one interferometer delay. The sharp step at t = 0 is recovered in the corrections to single and combined measurements. Limiting the correction to moderate frequencies yields similar results both cases, but allowing higher frequencies leads to greater noise amplification in combined measurements. MATLAB code for simulating these results under various conditions is available in the Electronic Supplementary Material for this article.
Summary and Suggestions
Regardless of measurement bandwidth, VISAR acts as a low-pass filter. The VISAR approximation capitalizes on this behavior and is reasonable when the system response is much slower than the interferometer delay. Moving past this approximation requires preservation of as much high-frequency information as possible. Information loss can be corrected to some extent, but these corrections also amplify noise. Extracting useful information is thus limited to relatively low noise measurements.
Optical dispersion is helpful for maintaining information at all frequencies. Combining measurements with different delays can also be helpful, but the benefits are limited to moderate frequencies. A single measurement at high dispersion amplifies less noise than than a combined set of low (or zero) dispersion measurements when information at f > 1 is important.
A potentially interesting combination is measurements having common delay but different dispersions. Taking the difference between such measurements eliminates frequency variation, allowing all information to pass equally.
This construction exactly reproduces velocity information at all frequencies-there is no approximation whatsoever. Sensitivity may be an issue, however, as there is only so much dispersion difference that can be achieved. Step responses for a single (top) and combined (bottom) VISAR measurements. Black lines indicate approximate results for 2% fringe noise. Blue and red lines indicate corrected results using information up to f and 5f , respectively
